[image: image3.png]// (]‘ World Journal of
¢ Gastroenterology




	Intestinal microbiota and type 2 diabetes: from mechanism insights to therapeutic perspective
Jun-Ling Han, Hui-Ling Lin

	CITATION
	Han JL, Lin HL. Intestinal microbiota and type 2 diabetes: from mechanism insights to therapeutic perspective. World J Gastroenterol 2014; 20(47): 17737-17745

	URL
	http://www.wjgnet.com/1007-9327/full/v20/i47/17737.htm

	DOI
	http://dx.doi.org/10.3748/wjg.v20.i47.17737

	OPEN ACCESS
	Articles published by this Open-Access journal are distributed under the terms of the Creative Commons Attribution Non-commercial License, which permits use, distribution, and reproduction in any medium, provided the original work is properly cited, the use is non commercial and is otherwise in compliance with the license.

	CORE TIP
	Type 2 diabetes (T2DM) is believed to be caused by a series of multiple risk factors such as genetic liability, age, overweight or obesity, and an unhealthy lifestyle. Recently, accumulated evidence has suggested that the intestinal microbiota plays an important role in the pathogenesis of T2DM as a potential novel contributor. This review focuses on the underlying role of intestinal microbiota in the pathogenesis of T2DM and the therapeutic potential of modulating gut microbiota in T2DM.

	KEY WORDS
	Intestinal microbiota; Type 2 diabetes; Body weight; Bile-acid metabolism; Insulin resistance; Intestinal microbiota modulation

	COPYRIGHT 
	© 2014 Baishideng Publishing Group Inc. All rights reserved.

	COPYRIGHT LICENSE
	Order reprints or request permissions: bpgoffice@wjgnet.com


	NAME OF JOURNAL
	World Journal of Gastroenterology

	ISSN
	1007-9327 (print) 2219-2840 (online)

	PUBLISHER
	Baishideng Publishing Group Inc, 8226 Regency Drive, Pleasanton, CA 94588, USA 

	WEBSITE
	http://www.wjgnet.com


Name of journal: World Journal of Gastroenterology 
ESPS Manuscript No: 11732
Columns: TOPIC HIGHLIGHT
Intestinal microbiota and type 2 diabetes: from mechanism insights to therapeutic perspective

Jun-Ling Han, Hui-Ling Lin

Jun-Ling Han, Hui-Ling Lin, Department of Endocrinology and Metabolism, the 187th Hospital of PLA, Haikou 571159, Hainan Province, China
Author contributions: Han JL and Lin HL wrote the paper.

Correspondence to: Jun-Ling Han, MD, Department of Endocrinology and Metabolism, the 187th Hospital of PLA, No. 100, Longkun South Road, Haikou 571159, Hainan Province, China. hanihelen@126.com
Telephone: +86-898-65920012  Fax: +86-898-65920100

Received: June 1, 2014         Revised: September 26, 2014   Accepted: November 18, 2014
Published online: December 21, 2014
Abstract
The incidence of type 2 diabetes (T2DM) is rapidly increasing worldwide. However, the pathogenesis of T2DM has not yet been well explained. Recent evidence suggests that the intestinal microbiota composition is associated with obesity and T2DM. In this review, we provide an overview about the mechanisms underlying the role of intestinal microbiota in the pathogenesis of T2DM. There is clear evidence that the intestinal microbiota influences the host through its effect on body weight, bile acid metabolism, proinflammatory activity and insulin resistance, and modulation of gut hormones. Modulating gut microbiota with the use of probiotics, prebiotics, antibiotics, and fecal microbiota transplantation may have benefits for improvement in glucose metabolism and insulin resistance in the host. Further studies are required to increase our understanding of the complex interplay between intestinal microbiota and the host with T2DM. Further studies may be able to boost the development of new effective therapeutic approaches for T2DM.
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Core tip: Type 2 diabetes (T2DM) is believed to be caused by a series of multiple risk factors such as genetic liability, age, overweight or obesity, and an unhealthy lifestyle. Recently, accumulated evidence has suggested that the intestinal microbiota plays an important role in the pathogenesis of T2DM as a potential novel contributor. This review focuses on the underlying role of intestinal microbiota in the pathogenesis of T2DM and the therapeutic potential of modulating gut microbiota in T2DM.
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INTRODUCTION
According to recent estimates by the International Diabetes Federation, there are 382 million people living with diabetes worldwide, and the number is expected to rise to 592 million by 2035[1]. Nearly 85%-95% of people with diabetes have type 2 diabetes (T2DM)[2]. T2DM is believed to be caused by a series of multiple risk factors such as genetic liability, age, overweight or obesity, and an unhealthy lifestyle. Recently, accumulated evidence has suggested that the intestinal microbiota plays an important role in the pathogenesis of T2DM as a potential novel contributor.

The adult human intestine is colonized by about 100 trillion bacteria, which is about 10 times the number of total cells in the human body[3]. Recent evidence suggests that the intestinal microbiota composition is associated with obesity and T2DM. Ley et al[4] analyzed 5088 bacterial 16S rRNA gene sequences from the gut microbiota of obese ob/ob mice and their lean control group. They found that ob/ob mice had a 50% decrease in the abundance of Bacteroidetes and a proportional increase in Firmicutes. They also observed similar differences in the gut microbiota of obese compared with lean humans[5]. Intestinal microbiota compositional changes have also been investigated in patients with T2DM. Researchers have found that the abundance of Firmicutes and Clostridia was significantly reduced, while the relative proportion of Bacteroidetes and Betaproteobacteria was increased in the diabetic group compared with the control group[6]. However, Zhang et al[7] found that the proportion of Firmicutes and Clostridia were higher in the group of patients with T2DM compared to the normal glucose group. Patients in the pre-diabetes and T2DM groups had a significantly increased level of Betaproteobacteria compared with the normal glucose group. Qin et al[8] have developed a protocol for a metagenome-wide association study based on deep shotgun sequencing of the gut microbial DNA extracted from fecal samples from Chinese T2DM patients and nondiabetic controls. They identified 47 metagenomic linkage groups in the T2DM-associated gene markers from the gut metagenome. Their results showed that patients with T2DM had a moderate degree of gut microbial dysbiosis, a reduction in the abundance of some butyrate-producing bacteria, and an increase in various opportunistic pathogens. Karlsson et al[9] observed significantly higher levels of four Lactobacillus species and significantly lower levels of five Clostridium species in the T2DM group. Importantly, these changes did not correlate with body mass index (BMI), waist circumference, or waist-to-hip ratio. Sato et al[10] showed that stool samples of diabetic patients had significantly reduced levels of the Clostridium coccoides group, Atopobium cluster, and Prevotella, and a significantly increased level of total Lactobacillus compared with control subjects. They also noted that the detection rate of live gut bacteria in the blood of diabetic patients was significantly higher than that in control subjects (28% vs 4%, P < 0.01). These studies that have aimed to evaluate the association between gut microbiota and diabetes have produced conflicting results. There may be many factors influencing the results, such as race, eating habits, geographical location, and research methods. This review focuses on the underlying mechanism of intestinal microbiota in the pathogenesis of T2DM, and the therapeutic potential of modulating the gut microbiota in T2DM.

INTESTINAL MICROBIOTA AND BODY WEIGHT

Humans do not have the enzymes necessary for digestion of many types of plant polysaccharide, such as cellulose, xylans, resistant starch, and inulin[11]. However, these indigestible carbohydrates can be fermented by intestinal microbes to yield energy and to produce short-chain fatty acids (SCFAs). The role of the intestinal microbiota in the regulation of host body weight and energy homeostasis was revealed primarily in rodents. Bäckhed et al[12] and his colleagues found that conventionally raised mice had 42% more total body fat than germ-free mice (raised in the absence of any microorganisms), even if their daily caloric intake was 29% less than their germ-free counterparts. The germ-free mice transplanted with fecal microbiota from conventionally raised animals for 14 d had a 57% increase in their total body fat. In further investigation, the fecal gross energy content of lean conventionally raised C57BL/6J mice was significantly higher than in their obese counterparts (ob/ob mice)[13]. Germ-free mice transplanted with fecal microbiota from obese donors had a significantly greater increase in total body fat than those colonized with microbiota from lean donors. These results confirmed that the intestinal microbiota in ob/ob mice was more effective in harvesting energy from food than that of their lean littermates.

INTESTINAL MICROBIOTA AND BILE-ACID METABOLISM

Cholic acid and chenodeoxycholic acid are the primary bile acids synthesized from cholesterol in the liver in humans. Once the primary bile acids, such as cholic acid and chenodeoxycholic acid, have reached the intestine, they may be transformed by intestinal microbiota into secondary bile acid species: deoxycholic and lithocholic acids[14]. The intestinal microorganisms strongly affect bile acid metabolism. The most typical secondary bile acid and the most abundant bile acid in biliary bile in humans is deoxycholic acid, which is converted from cholic acid via a 7-dehydroxylation reaction catalyzed by some species of Clostridium in the large intestine[15]. Compared with germ-free mice, conventionally raised (CONV-R) mice have significantly lower levels of bile acid in the gallbladder and small intestine, but significantly higher levels of bile acid in the cecum, colon, feces, and serum. The total amount of bile acid was 71% lower in CONV-R than germ-free mice. Activation of the nuclear farnesoid X receptor (FXR) by the gut microbiota reduce the expression levels of most bile acid synthesis enzymes[16]. In turn, bile acids contribute to suppression of bacterial colonization and growth in the gut because of their strong antimicrobial activity. A previous study showed that the primary mechanism underlying the antimicrobial action of bile acids was membrane damage[17]. Only microbial populations able to tolerate physiological concentrations of bile acids can survive in the gut. Feeding with cholic acid induces phylum-level alterations in the composition of the gut microbiota in rats. Cholic acid feeding increases significantly the ratio of Firmicutes to Bacteroidetes, which is similar to the changes induced by high-fat feeding[18].

Over the past decade, a growing body of evidence has shown that bile acids play an important role in glucose metabolism as signaling molecules and cellular receptor ligands. Bile acids activate not only FXR but also the membrane-bound, G-protein-coupled receptor (GPCR) 1 (also known as TGR5)[19]. It has been demonstrated that bile acids inhibit the expression of gluconeogenic genes, such as those encoding phosphoenolpyruvate carboxykinase, fructose-1, 6-biphosphatase-1, and glucose-6-phosphatase in vitro via FXR[20]. Knocking out FXR in ob/ob mice prevented diet-induced obesity and improved murine hyperglycemia and glucose tolerance by increasing peripheral glucose clearance and adipose tissue insulin sensitivity[21]. Bariatric surgery, such as vertical sleeve gastrectomy (VSG), is effective for treatment of obesity and comorbid T2DM. FXR contributes to the maintenance of weight loss and improvement in glucose tolerance following VSG, which are associated with increased circulating bile acids and transition in gut microbiota composition[22]. Activation of TGR5 in enteroendocrine L cells induces glucagon-like peptide (GLP)-1 release, with an improvement in liver and pancreatic function and increased glucose tolerance in obese mice[23]. Activation of TGR5 in brown adipose tissue and muscle increases energy expenditure and alleviates diet-induced obesity[24].

Fasting serum taurine-conjugated bile acid concentrations are higher in T2DM compared with normoglycemic controls, and intermediate in impaired glucose tolerance. This pattern is not directly linked to obesity and glucose per se[25]. However, increases in taurine-conjugated bile acid in patients with T2DM may be related to lower rates of taurine deconjugation that is catalyzed by some bile salt hydrolases enriched in the human gut microbiota[26]. Bile-acid sequestrants have been used to sequester bile acids in the intestine to increase bile acid synthesis and consequently reduce serum low-density lipoprotein cholesterol. Bile-acid sequestrants have also been demonstrated to improve glucose control in patients with T2DM, which might be through multiple mechanisms such as altering the bile acid pool composition, improving hepatic glucose metabolism, increasing release of incretin hormones, and inducing changes in gut microbiota composition[27,28].

INTESTINAL MICROBIOTA AND INSULIN RESISTANCE

Endotoxemia and low-grade inflammation

Obesity, insulin resistance and T2DM are closely associated with low-grade inflammation characterized by disordered cytokine production and activation of a network of inflammatory signal pathways[29,30]. The low-grade inflammation is induced by a change in gut microbiota that promotes metabolic endotoxemia and triggers the development of inflammation via a lipopolysaccharide (LPS)- and CD14/toll-like receptor (TLR) 4-dependent mechanism[31] (Figure 1). The intestinal microbiota is enriched with molecules such as LPS and peptidoglycan that may cause inflammation. Gut microbiota-derived LPS is involved in the onset and development of inflammation and metabolic diseases[32]. Elevated plasma LPS concentration in mice induced by high-fat feeding is defined as metabolic endotoxemia. Moreover, a high-fat diet in mice significantly alters intestinal microbiota composition. Metabolic endotoxemia is induced in mice through continuous subcutaneous infusion of LPS for 4 wk, and fasted glycemia and insulinemia, weight gain and expression of inflammatory cytokines are increased similarly to those in mice fed a high-fat diet. CD14 knockout mice resist most of the LPS and high-fat diet-induced characteristics of metabolic diseases. CD14 plays a key role in innate immunity[33]. The binding of LPS to the complex of mCD14 and TLR4 at the surface of the innate immune cells activates the cascade reaction of inflammation[34,35]. Many typical proinflammatory stimuli, including LPS, lipids, fatty acids, and chemokines activate c-Jun N-terminal kinase (JNK) and IB kinase (IKK)- pathways intracellularly. IKK activation stimulates the family of nuclear factor (NF)-B transcription factors and increases the expression of numerous mediators of inflammation that can cause insulin resistance. JNK activation promotes the phosphorylation of insulin receptor substrate (IRS)-1 at serine sites, which inhibits normal signal transduction through the insulin receptor/IRS-1 axis, which also can result in insulin resistance[36]. Therefore, the metabolic endotoxemia induced by LPS derived from the gut microbiota is associated with inflammation and insulin resistance.

Gut permeability

Increased endotoxemia is correlated with increased gut permeability. A high-fat diet in mice dramatically increases gut permeability and reduces expression of tight junction proteins such as zonula occludens (ZO)-1 and occludin in intestinal epithelial cells. Antibiotic treatment reduces metabolic endotoxemia in high-fat-fed mice, which is associated with decreased gut permeability, reduced inflammatory markers, and improved metabolic features of diabetes and obesity. Furthermore, the deficiency in CD14 in ob/ob CD14 knockout mice demonstrates the metabolic and inflammatory effects similar to those of antibiotics[37]. Intestinal permeability in human T2DM detected by the 51Cr-EDTA urinary recovery test was significantly increased compared with matched control subjects[38]. Modulating gut microbiota composition with prebiotics improves gut permeability, reduces metabolic endotoxemia, lowers inflammation, and alleviates glucose intolerance[39,40].

Endocannabinoid system

The endocannabinoid (eCB) system is now believed to be associated with inflammation and diabetes[41,42]. Intestinal microbiota modulate gut eCB expression, which controls gut permeability and plasma LPS levels through the CB1 receptor[43]. Changes in the gut microbiota due to prebiotic feeding reduce gut permeability in obese mice. Blocking the CB1 receptor in obese mice also improves gut barrier function by increased distribution and localization of tight junction proteins (ZO-1 and occludin). This demonstrates that the eCB system modulates gut permeability through the distribution and localization of tight junction proteins[44]. Bermudez-Silva et al[45] have shown that cannabinoid CB2 receptor activation improves glucose tolerance in rats and that CB1 receptor blockade mimics the effects of CB2 receptor agonists. The data suggest that the eCB system modulates glucose homeostasis through the interplay of CB1 and CB2 receptors. The changes in CB2 receptor expression are correlated positively with intestinal counts of Lactobacillus supplement and negatively with counts of Clostridium supplement[46]. Modulation of the intestinal microbiota with specific probiotics has been shown to upregulate CB2 receptor expression in rodents[47].
Akkermansia muciniphila

Akkermansia muciniphila (A. muciniphila) is a mucoprotein-degrading bacterium that colonizes the mucous layer[48], and its abundance is negatively correlated with body weight in humans[49,50]. The abundance of A. muciniphila decreases in obese and T2DM mice. Feeding with viable A. muciniphila ameliorates high-fat-diet-induced metabolic disorders, including adiposity, metabolic endotoxemia, low-grade inflammation, and insulin resistance. Feeding also promotes intestinal expression of eCBs that control inflammation, gut barrier, and gut hormone secretion. However, these effects are not observed in the same mouse model fed with heat-killed A. muciniphila[51].
INTESTINAL MICROBIOTA AND NON-ALCOHOLIC FATTY LIVER DISEASE

Non-alcoholic fatty liver disease (NAFLD) is a spectrum of liver disorders, including steatosis, nonalcoholic steatohepatitis (NASH), fibrosis and cirrhosis, which is often associated with obesity, insulin resistance, and diabetes mellitus. The prevalence of ultrasonographic NAFLD in patients with T2DM ranged from 54.11% to 78% in different studies[52]. A two-hit mechanism has been proposed for the pathogenesis of NAFLD. The first hit is the process of triglyceride accumulation in hepatocytes, while the second hit is responsible for hepatocyte injury, inflammation, and fibrosis through oxidative stress, lipid peroxidation, and proinflammatory cytokines[53,54]. Accumulated evidence has suggested that intestinal microbiota may be associated with NAFLD progression. Bäckhed et al[12] observed that colonization of germ-free mice with normal intestinal microbiota induced insulin resistance and stimulated hepatic lipogenesis. Gut microbiota compositional change can increase the amount of TLR ligands delivered to the liver. TLR ligands stimulate Kupffer cells and hepatic macrophages to produce proinflammatory cytokines that can result in insulin resistance and hepatocyte death[55]. In addition to TLRs, nucleotide-binding oligomerization domain-like receptors (NLRs) are inflammasome-dependent pathways of proinflammatory cytokine production[56,57]. Henao-Mejia et al[58] demonstrated that the NLRP6 and NLRP3 inflammasomes and the effector protein interleukin-18 negatively regulated NAFLD/NASH progression through modulation of the gut microbiota. A meta-analysis to evaluate the effects of probiotic therapy in NAFLD showed that probiotic therapies can improve liver function, lipid metabolism, and insulin resistance in NAFLD patients[59]. A recent randomized clinical trial demonstrated that 4-mo supplementation with probiotics significantly improved fatty liver in children with NAFLD[60].

INTESTINAL MICROBIOTA AND GUT HORMONES

GLP-1

GLP-1 is an incretin secreted from intestinal L cells. GLP-1 has numerous physiological effects, including stimulation of glucose-dependent insulin secretion, augmentation of -cell mass, and inhibition of glucagon release, gastric emptying, and food intake[61]. Yadav et al[62] modulated the gut flora composition of mice with a probiotic, VSL#3. The altered gut microbiota stimulated production of SCFAs (butyrate) that promoted GLP-1 secretion from L cells to improve the metabolic state. SCFA activation of GPCR GPR41 and GPR43 promotes the secretion of GLP-1[63]. Prebiotics are non-digestible dietary ingredients that cause specific gut microbial composition changes or stimulate selectively the activity of some microbial species. Many investigations have demonstrated that prebiotics increase release of GLP-1 and improve the metabolic inflammation and insulin resistance induced by a high-fat diet[64-66].

GLP-2

GLP-2 is co-secreted with GLP-1 and is able to enhance intestinal epithelial proliferation and reduce gut permeability[67]. Changes in mouse gut microbiota with prebiotic ingestion promote a significant release of plasma GLP-2 levels and improve systemic and hepatic inflammation. GLP-2 receptor blockade impairs prebiotic-induced improvement in inflammatory tone[39]. Besides the roles of GLP-2 in maintaining gut barrier integrity, slowing gastric emptying and intestinal motility, improving nutrient absorption, and enhancing immune function, GLP-2 in central neurons enhances hepatic insulin sensitivity and plays a key role in the control of glucose homeostasis[68].

Peptide YY

Peptide YY (PYY) is a gastrointestinal hormone secreted from intestinal L cells. PYY has several biological actions including vasoconstriction, inhibition of gastric acid secretion, reduction of pancreatic and intestinal secretion, regulation of appetite and inhibition of gastric motility[69,70]. Rats receiving a diet supplemented with oligofructose, oligofructose-enriched inulin or high-molecular-weight inulin demonstrated an increase in portal serum levels of GLP-1 and PYY. The same effects were also observed in diabetic rats[71]. Dietary-resistant starch is a fermentable fiber that liberates SCFAs through fermentation in the gut. Feeding rats with dietary-resistant starch increases GLP-1 and PYY secretion in the lower gut through SCFAs[72].

THERAPEUTIC PERSPECTIVE OF INTESTINAL MICROBIOTA MODULATION FOR T2DM

Probiotics and prebiotics

A modulating effect of the gut microbiota on T2DM was suggested by recent observations. Probiotics are nonpathogenic live microorganisms that may confer health benefits on the host. In an animal study, researchers observed that a fermented milk product containing probiotic bacteria significantly delayed the onset of glucose intolerance, hyperglycemia, and hyperinsulinemia in diabetic rats induced by high fructose concentration[73]. In elderly T2DM patients who consumed a daily dose of 200 mL of a symbiotic drink containing 108 CFU/mL Lactobacillus acidophilus, 108 CFU/mL Bifidobacterium bifidum and 2 g oligofructose over over 30 d, there was a significant increase in high-density lipoprotein cholesterol and a significant reduction in fasting glycemia[74]. In another investigation, patients with T2DM who consumed 300 g/d of probiotic yogurt containing L. acidophilus La5 and Bifidobacteriumlactis Bb12 for 6 wk had a significant reduction in fasting glycemia and hemoglobin A1c[75].

Antibiotics

Antibiotic treatment is another method of gut microbiota modulation. Treatment with norfloxacin and ampicillin (1 g/L each) for 2 wk, suppressed the numbers of cecal bacteria in ob/ob mice. The treated animals displayed a significant improvement in fasting blood glucose and oral glucose tolerance. The enhanced insulin sensitivity was independent of food intake, weight loss, or adiposity. In this study, both plasma LPS levels and the expression of jejunal tumor necrosis factor- level were significantly lower in the antibiotic-treated mice than in the control mice, suggesting that modulation of intestinal microbiota by antibiotics ameliorated the inflammatory status in ob/ob mice[76]. When diet-induced obese and insulin resistant mice were treated with the non-absorbable antibiotics polymyxin B and neomycin, they had a gradual reduction in glycemia, associated with a modified cecal microbiota profile[77]. Berberine, one of the main ingredients of a Chinese traditional herb used to treat bacterial diarrhea, improves glycemia. The antimicrobial activity of berberine and its modulation of the gut microbiota may play a role in the antidiabetic effect of this herb[78]. However, long-term use of antibiotics in humans is related to weight gain and obesity. Patients who receive 6 wk intravenous treatment with vancomycin plus gentamicin for infective endocarditis show significant weight gain[79]. Hernández et al[80] observed that intravenous -lactam therapy for 14 d promoted glycosidase activity in the human gastrointestinal tract and was associated with BMI and glucose level. These data presented an interesting view of the potential effects of antibiotics on human metabolism. Further studies should be performed to investigate the effects of different antibiotics and administration routes on metabolism and T2DM.

Fecal microbiota transplantation

Recently, a report about fecal microbiota transplantation has aroused strong interest. Fecal microbiota transplantation was testified to be a highly successful therapy for recurrent Clostridium difficile infection[81] This also raised interest in the therapeutic effect of fecal transplantation in metabolic syndrome and T2DM. Patients with metabolic syndrome who received small intestinal infusions of fecal microbiota from allogenic lean donors for 6 wk showed an improvement in peripheral and hepatic insulin sensitivity, along with an increase in butyrate-producing intestinal microbiota[82].

CONCLUSION
Intestinal microbiota may play an important role in the pathogenesis of T2DM by influencing body weight, bile-acid metabolism, proinflammatory activity and insulin resistance, and modulation of gut hormones (Figure 2). Modulating the gut microbiota through the use of probiotics, prebiotics, antibiotics, and fecal microbiota transplantation may have benefits in improving glucose metabolism and insulin resistance in the host. However, there are still many questions that need to be resolved. LPS inhibits the synthesis of insulin in isolated rat islets of Langerhans through binding of TLR4 and activation of the NF-B pathway[83]. We do not know whether the changes in intestinal microbiota directly influence the  cell mass and function of islets in T2DM patients. Can we detect gut bacterial genes in liver or islets in T2DM patients? Does bariatric surgery for obese T2DM patients interact with their intestinal microbiota? Rifaximin, an oral locally acting antibiotic used to treat inflammatory bowel disease, can modulate gut microbiota. What effect of rifaximin can we observe if it is administered to T2DM animal models or patients? Future studies are required to increase our understanding of the complex interplay between intestinal microbiota and the host with T2DM, and to enable the development of new effective treatments for T2DM.
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Figure Legends
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Figure 1  Influence of the intestinal microbiota in promoting gut permeability and insulin resistance. Changes in the intestinal microbiota reduce tight junction proteins of gut epithelial cells and increase gut permeability, thus promoting metabolic endotoxemia and insulin resistance. LPS: lipopolysaccharide.

[image: image2.png]Inflammation —— o
s
|
" s
Body weight - Insulin resistance  «—— l E

F_} Y

Type 2 Diabetes





Figure 2  Role of the intestinal microbiota in the pathogenesis of type 2 diabetes. The intestinal microbiota may play an important role in the onset of type 2 diabetes by influencing body weight, bile acid metabolism, proinflammatory activity, NAFLD and insulin resistance, and modulating gut hormones. NAFLD: Non-alcoholic fatty liver disease; SCFAs: short-chain fatty acids; FXR: farnesoid X receptor; GLP: Glucagon-like peptide; PYY: Peptide YY.
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